I. INTRODUCTION
Recently both ATLAS and CMS collaborations reported that a diphoton excess around 750 GeV has been found in pp collisions at the LHC Run-2 [1, 2] . Under narrow width assumptions, ATLAS observed a diphoton excess at M γγ = 747 GeV with a 3.6σ local significance (3.2 fb −1 integrated luminosity) [1] and CMS reported an excess at M γγ = 760 GeV with 2.6σ local significance (2.6 fb −1 integrated luminosity) [2] . Assuming this decay channel includes just two photons but nothing else, the resonance can only be a spin-0 or spin-2 particle. Given null results of resonance searches in other channels at 13 TeV (including diphoton at 8 TeV), one favorable minimal interpretation of this diphoton excess is a (pseudo)scalar particle that couples to photons and gluons. Under narrow width assumptions, the cross section at 13TeV would be around [1, 2] σ(pp → S → γγ) ∼ 5 − 10 fb .
This signal strength requires a large diphoton width as well as a large gluon fusion production cross section, which cannot be achieved with the standard model (SM) particles and the (pseudo)scalar resonance but nothing else. If confirmed by future data, the excess may imply a whole new sector of new physics beyond SM and deserve exploration in different context of new physics models [3] [4] [5] [6] [7] [8] [9] .
The SU (2)×SU (2)×U (1) (a.k.a. G221) models [10, 11] are the minimal extension of the SM gauge group that incorporates both the W and Z bosons in effective theory. Various models have been considered in this framework: left-right (LR) [12] [13] [14] , lepto-phobic (LP), hadro-phobic (HP), fermio-phobic (FP) [10, 11, [15] [16] [17] , un-unified (UU) [18, 19] , and nonuniversal (NU) [20] [21] [22] [23] [24] . For the symmetry breaking pattern SU (2) L × SU (2) R × U (1) B−L → SU (2) L × U (1) Y → U (1) em , a new scalar ∆ is needed to realize the first step of symmetry breaking SU (2) R × U (1) B−L → U (1) Y . There are typically two possible choices: the doublet ∆ ∼ (1, 2, 1/2) and triplet ∆ ∼ (1, 3, 1).
In this work we examine the possibility to accommodate the diphoton excess in the G221 models with above particular symmetry breaking pattern. We identify the neutral component δ 0 of the triplet or the doublet ∆ as the 750 GeV resonance. A large diphoton decay width of δ 0 is possible due to contribution from W , (doubly) charged scalars in the spectrum. But there is no new colored particle to generate an effective coupling of S to the gluon. This motivates a connection between the excess and the UV completion of G221 models. It has been suggested [25, 26] [9, 27] that in SO(10) grand unification light colored particles, either scalar or vectorlike fermion, may exist in certain symmetry breaking pattern.
With several examples,we find it is possible to get the demanded diphoton signal with these light states together with the particle content in G221 models. There are already some recent papers studying the diphoton excess in left-right model or SO(10) unification [4] [5] [6] [7] [8] [9] . But here we explore various G221 models. In particular, we focus on the LP and FP models, where a light W and/or δ ++ could play a significant role in the diphoton signature while satisfying various collider constraints. Furthermore, we extend the G221 models to the Pati-Salam and SO(10) models, and highlight the connection between the particle content in G221 models and possibly light colored particles in SO(10) models. Given this bottom-up setup, it should be straightforward to work out the diphoton signature in a specific SO (10) model. This paper is organized as follows. We review the basics of G221 models in Sec.II. In
Sec.III, we discuss collider searches and constraints on G221 models, which are crucial for the prediction of diphoton signal. In Sec.IV, we review some possible UV completions of the 
In the effective theory framework, the G221 models [10, 11] are the minimal extension of the SM gauge group which incorporates both the W and Z bosons. The G221 models have gauge structure SU (2) × SU (2) × U (1). There are two kinds of breaking patterns,
We will focus on the breaking pattern I in this work. Depending on fermion assignments, the breaking pattern I includes left-right (LR) [12] [13] [14] , lepto-phobic (LP), hadro-phobic (HP), fermio-phobic (FP) [10, 11, [15] [16] [17] models. 
To break the G221 symmetry spontaneously, several Higgs multiplets are introduced.
Here in Tab. I we list possible Higgs multiplets in the breaking pattern I. At the TeV scale
or a scalar triplet (1, 3, 1) 1 . At the electroweak scale v, the bidoublet scalar is introduced
where the covariant derivatives are
The general scalar potential [28] is
with the dominant coupling strengths are
The relevant triple and quartic gauge boson couplings are
with the same lorentz structures as W W Z and W W Zγ. In the doublet case, we have similar Feynman rules with x → x/2. The relevant triple scalar coupling is
The above Feynman rules will be used for calculating the diphoton rate.
III. COLLIDER SEARCHES ON G221 MODELS
The W and Z gauge bosons as predicted by G221 models are subject to the constraints from the LHC searches. If the Z and W decay leptonically, the LHC searches place the most stringent constraints on their masses. The current searches for the high mass resonances on the lepton plus transverse missing energy final states set the limit on the W mass: m W > 2
TeV [29] . Similarly, the dileptonic searches put tightest constraints on Z mass: m Z > 2.9
TeV [30] .
Among various possibilities of G221 models, W couples to the leptons in the LR, HP models. So W is expected to be around 2 TeV in these cases, which could not significantly contribute to the diphoton signal. This pushes us to think about the LP and FP models, which forbid leptonic decay of W . The fermion contents of these two models are shown in Tab. II. In the FP model, all SM quarks and leptons are SU (2) R singlets and the W R cannot decay to any SM fermions. In the LP model, the right-handed neutrinos could be several
TeV for the seesaw neutrino masses. We could realize the LP model without gauge anomaly by integrating out the heavy right-handed neutrinos.
Therefore, the W in the LR, HP models can evade the stringent bound from direct search in the lepton plus missing energy final states. However, the W cannot be too light, due to the electroweak precision test [10, 11] and anomalous gauge coupling. These set a lower 
bound m W > 300 GeV. In the LP model, the W can be searched by di-jet final states as well. Both Tevatron and LHC set limits on the di-jet resonances. For the W lighter than 1
TeV, the constraints from Tevatron are stronger. As shown in Ref. [45] , given the SM like coupling of the W , the cross section is only a little above the exclusion limits. Therefore, depending on the W coupling to the SM quarks, the W boson could be allowed at several hundred GeV region. It is also possible that the W decays to W Z final states, which have been searched at the LHC [33] . Given the assumptions of a small W W Z coupling in the LP model 2 , the branching ratio W → W Z would be highly suppressed and the current limits on the W → W Z are too weak to be relevant. Regarding to the flavor constraints, the light W could contribute to the box diagrams in the neutral meson mixing system, such as K −K mixing, B −B mixing. Given the general right-handed flavor mixing, the constraints from K −K mixing are quite tight and W is required to be several TeV [31] . However, if the right-handed CKM matrix takes special form, these constraints could be evaded [32] and a light W with several hundred GeV mass is still allowed. In the FP model, the W does not couple to the SM fermions, and so escapes the di-jet and flavor constraints. Therefore, a light W is still possible, and we may expect it contributes significantly to the diphoton signature.
There is another caveat in LP and FP models. Due to the Z − Z mixing, the Z could still decay to dilepton, and thus the Z needs to be heavy with around 2 TeV mass. This implies a mass hierarchy for new gauge bosons: several hundred GeV W and several TeV Z .
According to the mass relations, this could be realized in the parameter region cos φ → 0, which is consistent with the requirement of small W, W and Z, Z mixing in (19) for the diphoton excess.
In the G221 models, the right-handed triplet or doublet ∆ could be around TeV scale.
With negligible small mixing between ∆ and the bidoublet Φ, the only charged scalar that couples to the ∆ neutral component is δ ++ in the triplet case. δ ++ can be pair produced on hadron collider via s-channel photon exchange. Depending on the decay modes, the LHC searches put constraints on lower mass bound of δ ++ . We find m δ ++ > 374 (438) GeV if it mainly decays to e ± e ± (µ ± µ ± ) [35] . Due to the small mixing of W, W , the vector-boson fusion production of δ ++ or its decay into W ± W ± is negligible. Therefore, there are still enough parameter space that the δ ++ could be light and may play a role in diphoton excess.
IV. POSSIBLE UV COMPLETION FROM SO(10) GRAND UNIFICATION
The G221 models could be incorporated into the Pati-Salam SU (4) c ×SU (2)×SU (2) [36, 37] or SO(10) groups [38, 39] . The SO(10) grand unified theory (GUT) provides us a very attractive framework. Among different breaking patterns for a SO(10) group, there are many cases that SU (2) L × SU (2) R × U (1) B−L is an intermediate step, which then break down to the SM gauge group via the breaking pattern I.
As we discussed in G221 models, the breaking pattern I can be realized by either a righthanded triplet or doublet. In context of SO (10) symmetry, the triplet ∆ can be embedded in 126 representation as the following,
where (1, 1, 3) 2 are the charges under (10, 1, 3) are the charges under SU (4) × SU (2) × SU (2). The advantage of the 126 representation is that it provides a Majorana mass term for the right-handed neutrino. The right-handed doublet can be embedded in 16 representation as the following,
In G221 models, a bidoublet Φ is chosen for the subsequent breaking of the SM gauge symmetry. It can be embedded in 10 representation of SO (10) symmetry. So the breaking pattern can be summarized as follows,
There are many possibilities to break the original SO(10) symmetry [40] . Among those, we list the possible symmetry breaking patterns involving the G 221 symmetry,
SO (10) 54
SO (10) 210
and
Here
, and P is the parity between the left-right symmetry. For some symmetry breaking patterns, it is possible to have light colored scalars or colored vectorlike fermions.
We will discuss these possibilities in detail.
A. Light Colored Scalars
To break the SO(10) symmetries, several scalar multiplets are introduced, as shown in above breaking patterns. The possibilities that certain components of scalar multiplets are much lighter than others, i.e. below the TeV scale, have been discussed in literatures.
In Ref. [25, 26] , the possible symmetry breaking patterns are
SO (10) 45
They considered a light color octet from the 126 representation as follows
where ( This yukawa coupling is not directly related to the SM yukawa.
In Ref. [9] , another symmetry breaking pattern has been considered SO(10)
The light scalar is now a color triplet and also belongs to the 126 representation
where (10, 1, 3) are the quantum charges under G 422 , (3, 1, 3) 2/3 are the charges under SU (3) c × G 221 , and (3, 1) 4/3 are the charges under the SM gauge group. In their setup, the colored scalar is taken to be as light as several hundred GeV. It is likely that all three scalars in (3, 1, 3) 2/3 that fall apart in G221 breaking down to the SM have the same scale.
Furthermore, in PS symmetry breaking, there is another color sextet (6, 1, 3) −2/3 deduced from (10, 1, 3) . The possibility that both color triplet and sextet are light is studied in SO(10) GUT as well [27] . Via yukawa interaction 16 126 16, the triplet scalars could couple to a SM lepton and a quark, and the sextet couples to diquark.
Let us denote the light colored scalar as χ. The general couplings between the scalar ∆ and χ is written as
for both doublet and triplet. We will utilize this Lagrangian to calculate the diphoton rate.
B. Light Vectorlike Fermions
The minimal SO ( 
The vectorlike fermions in 16 ⊕ 16 and 10 ⊕ 10
where Q and Q transform as (4, 2, 1) and (4, 1, 2) of the symmetry group G 422 , and D and N transform as (6, 1, 1) and (1, 2, 2) of the G 422 . Here Q, Q denote two complete vectorlike families of quarks and leptons, and D, N denote two vectorlike families of down-type quarks and leptons. According to the decomposition in (43), we denote the multiplets in G221
representations as the following,
Given the vectorlike fermion families, we have following SO (10 
After Pati-Salam symmetry breaking, the Yukawa term for the right-handed doublet reduces
If the vectorlike fermions are around TeV scale, they are expected to contribute to the diphoton signature.
In summary, depending on the symmetry breaking patterns, light colored scalars or light vectorlike fermions could exist in SO (10) GUT models. For the right-handed triplet in 126 representation and doublet in 16 representation, the neutral component S can couple to light colored/charge scalars or vectorlike fermions, which then contribute to the diphoton signature. Here we only pick up several models discussed in literatures. There could be more SO(10) GUT models which may have light particles in the spectrum. It might also be possible to extend the SO(10) symmetry to E 6 group. Our framework could also extend to SUSY SO(10) GUT framework to solve hierarchy problem.
V. EXPLANATIONS ON DIPHOTON EXCESS
In this section we examine the diphoton excess in the FP and LP models and their UV completions, where a light W with several hundred GeV mass could exist. We identify the neutral component of the right-handed triplet and doublet ∆ as the 750 GeV resonance S as in (18) . The diphoton signature comes from the loop-induced process gg → S → γγ.
The advantage of the G221 models is that there are several charged particles that couple to the S and thus contribute significantly to the diphoton width. In the doublet case, the S couples to the W ± and a linear combination of h ± 1 , h ± 2 ; in the triplet case, it couples to the doubly charger scalar δ ++ in addition. Given the small mixing between ∆ and bidoublet Φ, the contribution from the single charged scalar is always negligible. So the diphoton width is mainly contributed by W ± and δ ++ loops, and depends on their masses and triple couplings to S. In x 1 limit the only relevant triple coupling in doublet case is,
where cos φ ≈ m W /m Z , which then determines g R and u. For the triplet case there are two relevant couplings,
where cos φ ≈ √ 2m W /m Z . Fig.1 (a) shows u as function of m W with different m Z that satisfies the lower bound m Z > 2.9 TeV in both cases.
With (49)(50), we derive the diphoton width for the doublet cases,
and for the triplet case
where τ i = 4m To initiate gluon fusion production of S without large decay branching ratio to SM fermions, new colored particles that couple to S are required. The G221 models do not provide such candidates, but as we discussed in Sec.IV, light colored particles are expected for certain symmetry breaking pattern of the UV completion of G221 models.
The first possibility is to have new colored scalars below TeV scale. According to (42) , the triple coupling of S and the colored scalar χ is λ Sχ = ρ 3 u. For illustration, we consider two examples of a light colored scalar in context of SO (10) GUT as we discussed in Sec.IV. Under a lighter W is more preferred in L(F)PT due to the negative contribution of δ ++ . For colored scalars in two different representations, the color octet (8, 2) 1/2 admits a much larger diphoton rate than the color triplet (3, 1) 4/3 , and m χ could be heavier.
In general a rather light colored scalar is needed, i.e. m χ ∼ 500 GeV. This might be a problem for the color triplet because it may couple to SM quark and lepton and behave like a scalar leptoquark. For a sizable Yukawa that the scalar decays promptly inside the detector, the current leptoquark searches apply. The constraints on m χ depend on the decay modes.
The triplet (3, 1) 4/3 couples to a charged lepton and a down-type quark, and the lower bound is m χ > 740 (1000) GeV if it decays to τ b (eq) with 100% branching ratio [43, 44] .
This may exclude the interpretation of diphoton excess by (3, 1) 4/3 alone. But it may evade the constraint for certain range of small Yukawa if it decays as a displaced vertex. The probe in this region is still weak. For the color octet, it may couple to two SM quarks, which implies dijet events. There are searches of dijet resonances of several hundred GeV on Tevatron [45] . A single color octet can be produced by quark-initiated production. But the cross section is highly model-dependent and might be suppressed by a small Yukawa.
The pair production rate is fixed by the gluon coupling, but the four-jet final states suffer from the overwhelming QCD backgrounds. So the constraint on color octet could be fairly weak.
The There are LHC searches of vectorlike charged lepton and quark. The constraints on the fermion mass depend on the dominant decay modes. For vectorlike down-type quark, the lower bound is roughly m F D 700 GeV if it decays into Hb or W t, W q (q is light quark).
The constraint is pretty weak if Hq is the dominant decay modes [46, 47] . The vectorlike charged leptons that contribute to diphoton loop belong to the SU (2) L doublet. They are mainly pair-produced in Drell-Yan processes. The lower bound is m F L 450 (270) GeV if it decays into e/µ (τ ) [48] . Therefore, to accommodate diphoton excess in this model, among W , new charged lepton and down-type quark, at least one cannot be far above the current bounds.
If the diphoton signature is confirmed, there should be matching signals on 750 GeV resonance in other channels at the Run 2 LHC with higher luminosity. If the production and decays of the 750 GeV scalar are through the triangle loop, the diphoton signal will be associated with γZ, ZZ and di-jet final states. These additional channels provide crosscheck on the diphoton signature. However, in the above channels usually the new particles except the 750 GeV neutral scalar appear inside the loops of the diphoton process. So it is hard to identify specific new physics models.
Direct productions of new physics particles provide us a straightforward way to falsify various new physics models. In the G221 models, the direct production of new light W boson would be smoking gun signature of the LP and FP models. For the LP model, the following process
provide us signatures of the light W at the Run 2 LHC. Although the W Z channel has been searched at the LHC [33] , due to very small branching ratio of the W → W Z (the dijet decay dominant), the W Z rate is expected to be at fb level. We expect that the LHC Run 2 data could start to probe the interested parameter region. In the FP model the W is very hard to probe directly as it doesn't couple to SM fermions. The possible discovery channel could be
where W and Z could decay leptonic or hadronic. In this model, the W decays dominantly to W Z channel. So the signal rate would not be suppressed by the small W W Z coupling.
Furthermore, this is a very clean channel with multi-lepton signature. Hence we expect to observe the signal at the Run 2 LHC. Since the 750 GeV scalar is the neutral component of the right-handed multiplet, we may expect to see its charged counterpart in the same multiplet. The doubly charged Higgs searches at the LHC Run 2 will be able to probe the favored parameter region in near future.
VI. CONCLUSION
We investigated the possibility that the neutral component of the right-handed triplet or doublet ∆ is identified as the 750 GeV scalar resonance S to explain the diphoton excess observed at the LHC. Based on the SU (2) × SU (2) × U (1) effective theory framework, we studied the breaking pattern I and new particle spectrum: W , Z and scalar multiplet ∆ , etc. Although the current LHC searches put very tight constraints on these new particles, it is still possible to have light W boson and/or δ ++ in the LP and FP models. The down-type quark at least one has mass close to the current constraints. If the diphoton signature is confirmed, these benchmark models deserve a more careful study, including the particle spectrum, couplings, and various collider phenomenologies.
To accommodate the diphoton signature in the LP or FP G221 framework, a light W boson would be a typical feature. The direct searches of the light W is able to verify the G221 explanation. The smoking gun signature of the LP and FP W is multi-gauge boson production with subsequent multilepton decays. We expect the Run 2 LHC data provides us interesting signature associated with the diphoton signature. 
The decay widths to gluon and photon are,
where τ i ≡ 4m 
with η ± ≡ 1 ± √ 1 − τ . [2] The CMS Collaboration, "Search for new physics in high mass diphoton events in protonproton collisions at 13 TeV", Tech. Rep. CMS-PAS-EXO-15-004, CERN, Geneva, 2015.
